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We compare the results of the SuSAv2 model including meson-exchange currents (MEC) with the recent
measurement of the quasielasticlike double differential antineutrino cross section on a hydrocarbon
performed by the MINERvA Collaboration [C. E. Patrick et al. (MINERvA Collaboration), Phys. Rev. D
97, 052002 (2018)]. The relativistic nature of the model makes it suitable to describe these data, which
correspond to a mean beam energy of 3.5 GeV. The standard SuSAv2 model predictions agree well with the
data without needing any additional or tuned parameter. The role of longitudinal MEC is non-negligible
and improves the agreement with the data. We also consider the impact of different treatments of the
Δ-resonance propagator in the two-body currents on the data comparison.
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Neutrino oscillation physics has become a very active
field of study in recent years. The knowledge and under-
standing of neutrino interactions with nucleons and nuclei
are basic requirements in order to provide neutrino proper-
ties, i.e., oscillation parameters, including the CP violating
phase, and the neutrino mass differences with a high
accuracy. The intense experimental activity witnessed in
recent years, and planned in the near future, with several
long baseline neutrino experiments making use of complex
nuclear targets, aims to measure basic neutrino properties
with unprecedented precision. However, this can only be
accomplished by having an excellent control of the medium
effects in neutrino-nucleus scattering, which represent one
of the most important sources of systematic uncertainty in
the experimental analyses [1].
Most of the recent (MiniBooNE, T2K, MINERvA,
NOvA) and future (DUNE, HyperK) neutrino experiments
cover a wide neutrino energy range; the neutrino fluxes can
extend from hundreds of MeV to several GeV. This can
imply very different values of the energy and momentum
transfers, hence requiring in some of the cases, a realistic
description of different reaction mechanisms: quasielastic,
two-particle-two-hole (2p2h) meson exchange currents,
nucleon resonances, pion production, inelastic processes,
etc. Furthermore, the large energy and momentum values
involved in most of the experiments make it necessary to
incorporate relativity as an essential ingredient in the
process, not only to describe properly the weak reaction
mechanism, but also the nuclear dynamics [1–3].
The SuSAv2 model [4] is an improved version of the
superscaling approach introduced in [5], which exploits the
scaling and superscaling [6] properties of inclusive electron
scattering data in order to predict neutrino-nucleus observ-
ables. The model is fully relativistic and takes into account
the behavior of the nuclear responses predicted by the
relativistic mean field (RMF): in particular, the natural
enhancement of the transverse electromagnetic response, a
genuine dynamical relativistic effect, is incorporated in the
model. Moreover, at high momentum transfer, where the
RMF fails due to the strong energy-independent relativistic
potentials, the SuSAv2 model incorporates a smooth
transition to the relativistic plane wave impulse approxi-
mation (RPWIA), more appropriate to describe the high q
domain. The parameters associated to the RMF/RPWIA
mixing are fixed once and for all by fitting the high quality
ðe; e0Þ data on different nuclei [7]. The model also includes
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ingredients beyond the impulse approximation, namely
2p2h excitations. These contributions, corresponding to
the coupling of the probe to a pair of interacting nucleons
and associated to two-body meson exchange currents
(MEC) [8–10], are known to play a very significant role
in the “dip” region between the quasielastic (QE) and Δ
peaks. In the SuSAv2 approach, they are treated within the
relativistic Fermi gas (RFG) model, which allows for a fully
relativistic calculation, as required for the extended kin-
ematics involved in neutrino reactions. It is also worth
mentioning that the present SuSAv2-MEC model in its
present form can only predict inclusive reactions. Work is
in progress to extend the semi-inclusive prediction of the
RMF for ðe; e0pÞ reactions [11] to the neutrino case as well
as to produce 2p2h semi-inclusive results.
The SuSAv2 calculation of the inclusive ðe; e0Þ cross
section on 12C, presented in [7], provides a remarkably
good description of the data for very different kinematical
situations. In order to perform such comparisons, the
SuSAv2 model has been extended from the quasielastic
domain to the inelastic region by employing phenomeno-
logical fits [12,13] to the single-nucleon inelastic electro-
magnetic structure functions together with the information
about the nuclear dynamics extracted from the superscaling
approach, as described in previous works [7,14,15].
Comparisons of the SuSAv2 model predictions to
charged-current neutrino scattering observables have been
shown in [16]. In particular, a good agreement has been
achieved with the double differential neutrino and anti-
neutrino charged-current quasielastic (CCQE) cross sec-
tions measured by the MiniBooNE [17] and T2K [18]
experiments, which correspond to similar mean (anti)
neutrino energies hEi ∼ 0.7–0.8 GeV, and also with former
MINERvA measurements [19,20]. The MINERvA experi-
ment covers a higher energy range (1.5–15 GeV), which is
of great interest for the future DUNE facility [21]. In
this energy region, relativistic models are needed to
describe the nuclear dynamics, while nonrelativistic cal-
culations are bound to fail. In this paper, we compare the
SuSAv2 results with the recent MINERvA measurement of
double differential antineutrino cross section on a hydro-
carbon target [22].
In Fig. 1, we show the double differential cross section of
a muonic antineutrino on a hydrocarbon as a function of the
transverse (with respect to the antineutrino beam) momen-
tum of the outgoing muon, in bins of the muon longitudinal
momentum. For the data, we use the same nomenclature
employed in the experimental paper [22]. The “QE-like”
experimental points include, besides pure quasielastic
contributions, events that have post-FSI final states without
mesons, prompt photons above nuclear deexcitation ener-
gies, heavy baryons, or protons above the proton tracking
kinetic energy threshold of 120 MeV, thus including zero-
meson final states arising from resonant pion production
followed by pion absorption in the nucleus and from
interactions on multinucleon states. This is similar to the
so-called CC0π definitions used by other experiments
[17,18]. On the contrary, the “CCQE” signal (also defined
in other experiments as “CCQE-like”) corresponds to
events initially generated in the GENIE neutrino interaction
event generator [23] as quasielastic (that is, no resonant or
deep inelastic scatters, but including scatters from nucleons
in correlated pairs with zero-meson final states), regardless
of the final-state particles produced, thus including CCQE
and 2p2h interactions. The difference between the two
data sets, mainly due to pion production plus reabsorption,
varies between ∼15% and ∼5% depending on the kin-
ematics. According to MINERvA’s acceptance, the muon
scattering angle is limited to θμ < 20° as well as the muon
kinematics (1.5 GeV < pjj < 15 GeV, pT < 1.5 GeV) in
both experimental and theoretical results, leading to a
significant phase-space restriction for large energy and
momentum transfer to the nuclear target.
The theoretical curves correspond to the aforementioned
SuSAv2 model and include 2p2h excitations induced by
meson exchange currents. The antineutrino hydrogen con-
tribution in the cross sections only enters through the 1p1h
channel and has been evaluated by computing the elastic
antineutrino-proton cross section. The present calculation
does not include processes corresponding to pion emission
followed by reabsorption inside the nucleus. Therefore, the
curves are meant to be compared with the “CCQE” data
rather than with the “QE-like” ones. However, we also
display the QE-like cross sections, to illustrate MINERvA’s
estimation of the magnitude of the QE-like resonance
component among other minor effects.
It can be seen that the agreement with the data is good in
all cases, and only a few data points are slightly under-
estimated by our calculation. Likewise, these “CCQE” data
have larger model-dependent systematic uncertainties than
the “QE-like” ones due to increased reliance on the GENIE
resonance and FSI models for background subtraction.
In Fig. 1, the separate pure QE and 2p2h-MEC contribu-
tions are also shown: the MEC are sizeable at all kinemat-
ics, and they are essential in order to reproduce the data.
A detailed comparison between the SuSAv2-MEC
prediction and the extracted “CCQE” cross section as a
ratio to the tuned GENIE prediction from the experiment-
ers’ data release (MINERvA-tuned GENIE [24,25]) is
shown in Fig. 2. MINERvA-tuned GENIE (MnvGENIE)
is a modified version of the GENIE event generator
tuned to MINERvA inclusive neutrino scattering data
that incorporates nuclear effects such as weak nuclear
screening and two-particle, two-hole enhancements.
At MINERvA kinematics, the SuSAv2-MEC results seem
to be larger than the MnvGENIE ones at the extreme pT
bins and very close to them at the central values of pT .
Overall, the comparison with MINERvA data is not very
different for the two models, as we have checked
by performing a χ2 test using the data release from [22].
MEGIAS, BARBARO, CABALLERO, and DOLAN PHYS. REV. D 99, 113002 (2019)
113002-2
This test allows us to estimate quantitatively the level
of agreement between data and predictions, accounting for
the significant correlations between the data points.
Considering all bins, i.e., for 58 degrees of freedom
(d.o.f.), we have obtained χ2=d:o:f ¼ 1.79 for SuSAv2-
MEC and χ2=d:o:f ¼ 1.58 for MnvGENIE. Thus, the
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FIG. 1. The MINERvA “QE-like” and “CCQE” double differential cross sections for ν¯μ scattering on a hydrocarbon versus the muon
transverse momentum, in bins of the muon longitudinal momentum (in GeV/c). The curves represent the prediction of the SuSAv2þ
2p2h-MEC (blue) as well as the separate quasielastic (red) and 2p2h-MEC (orange) contributions. The data and the experimental
antineutrino flux are from Ref. [22].
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χ2=d:o:f: values obtained using the SuSAv2-MEC model
turn out to be compatible with the MnvGENIE ones and
with MINERvA data. For completeness, the QE-like
MnvGENIE results are also displayed in Fig. 2 to show
the relevance of the effect beyond the CCQEþ 2p2h
regime at MINERvA kinematics. In general, QE-like
MnvGENIE results are similar but a bit larger than the
SuSAv2-MEC ones apart from the region of large pjj and
pT values where SuSAv2-MEC seems to produce slightly
higher results than QE-like MnvGENIE. The reasons
for the larger SuSAv2-MEC results with respect to
MnvGENIE may be related to the relativistic treatment
of the FSI in the SuSAv2(RMF) for the 1p1h sector which
causes a long tail that extends beyond the QE peak region.
This is in principle absent in theRFGmodel used for CCQE
interactions in MnvGENIE.
It is also important to note that both the Fermi gas
QE model and the IFIC Valencia 2p2h model [26–28]
implemented in the tuned MnvGENIE simulation have
been manually augmented to overcome the shortcomings of
the simple QE model employed. This is done through the
application of an RPA screening, extracted from [29], to
the GENIE QE model. Also the 2p2h model is empirically
enhanced to describe the dip region of MINERvA’s
neutrino data in [24], before being applied to the antineu-
trino model [25] and then used to compare to the meas-
urement in [22]. Such an empirical tune to the 2p2h
component simultaneously accounts for dip-region short-
comings in the QE, 2p2h-MEC, and resonance models of
GENIE. Conversely, the SUSAv2 model, based on RMF
predictions, naturally puts additional QE cross section
strength in the dip region and also has a stronger dip-
region 2p2h-MEC component compared to the one used by
MnvGENIE without resorting to any empirical tuning.
A closer investigation of the MEC contribution is
presented in Fig. 3, where we illustrate the role of the
longitudinal MEC1 for three kinematics, including those
corresponding to the lowest and highest bins of pL. The
result including the full longitudinal and transverse—MEC
contribution (solid lines) is compared to the one obtained
using the pure transverse currents (dashed lines), resulting
in a difference of around ∼30%–35% in the 2p2h channel.
It appears that the longitudinal two-body currents, some-
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FIG. 2. Top panels: Comparison of SuSAv2-MEC with MINERvA “CCQE” data and the MINERvA-tuned GENIE model for ν¯μ
scattering on a hydrocarbon versus the muon transverse momentum, in bins of the muon longitudinal momentum (in GeV/c). The curves
represent the prediction of the SuSAv2þ 2p2h-MEC (blue) as well as the “CCQE” MnvGENIE ones (red dashed). For completeness,
we also show the “QE-like” MnvGENIE results as well as the separate QE and 2p2h channels in the SuSAv2-MEC model. Bottom
panels: As top panels but showing the ratio of data and SuSAv2-MEC predictions to GENIE. The comparison is quantified and
expressed as χ2 per degree of freedom (d.o.f.) considering all bins, being χ2=d:o:f ¼ 1.79 for SuSAv2-MEC and χ2=d:o:f ¼ 1.58 for
GENIE.
1Here, using the standard terminology of electron scattering
studies, “longitudinal” refers to the direction of the momentum
transfer q⃗.
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[30–32], give a non-negligible contribution to the total
cross section (∼5%–10%), which improves the agreement
with data. Note that this is not true in the case of electron
scattering, where the longitudinal, purely vector, MEC are
indeed negligible. In the case of weak processes, however,
they are significant in the axial channel, representing up to a
∼30% of the axial contribution, and they are particularly
important for antineutrino reactions due to the destructive
interference between the vector and axial currents. A more
detailed discussion of this point can be found in [33].
Before concluding, some comments are in order con-
cerning the treatment of the Δ-resonance propagator which
appears in the two-body currents used to evaluate the 2p2h
responses. In Figs. 1–3, following Refs. [34,35], we have
considered only the real part of the Δ propagator. This
prescription, also used by other groups [34,36–41], can be
viewed as an empirical approach that leads to very good
agreement with electron scattering data [7]. In principle,
there are contributions stemming from the imaginary part
of the delta propagator which do not lead to pions in the
final state. These are dominated by a single diagram with a
particle-hole self-energy insertion in the Δ-hole Lindhard
function that involves the square of the Δ propagator.
The contribution of this diagram is large because it is the
remnant of a double pole, a problem which affects all the
second-order self-energy insertions of this kind (see, for
instance, [42]). This issue could in principle be solved by
summing up the full series of self-energy insertions and
employing everywhere the resummed Δ propagator. This,
however, opens new problems, since the Δ state is being
treated by adding an ad hocwidth term, and its extension to
all orders is not trivial. This latter task goes far beyond the
scope of this paper. A more dedicated analysis of the effect
and appropriateness of the full Δ propagator in (e, e0) and
neutrino reactions will be addressed in forthcoming
works. Nevertheless, in order to estimate the relevance
of the imaginary part of the Δ propagator, we present in
Fig. 4, the 2p-2h contributions using both real and full
propagators for the analysis of the results shown in Fig. 1.
The 2p2h contributions with the full propagator have been
implemented using the microscopic model of [35], and, in
order to optimize and speed up our calculations, we
have employed the interpolation methods available in
GENIE [23].
As observed in the top panels of Fig. 4, the 2p2h nuclear
responses obtained using the full propagator are around
twice the ones where only the real part of the propagator is
kept, the differences being negligible at low ω values
with respect to q (∼ω < q=2) and larger as ω increases.
This observation, combined with the limited MINERvA’s
acceptance (θμ < 20°, corresponding to cos θμ ≳ 0.94),
which makes the low-intermediate ω and q regions pre-
dominant, explains why the 2p-2h cross sections using the
full propagator, shown in the bottom panels of Fig. 4, do
not differ largely (∼30%–40%) from the ones obtained with
the real propagator. The largest differences occur indeed at
intermediate-high pT values, which are mostly related to
large Eν values, i.e., larger ω and q values. Furthermore,
the relatively small difference between the two results is
also connected to the fact that the relevant T 0 contribution
is negative in antineutrino reactions and partly cancels the
increase observed in the dominant T responses when
considering the full propagator. In general, due to the large
experimental error bars, the data comparison can be
considered acceptable (χ2=d:o:f: ¼ 2.30), although the
results with the full propagator tend to overestimate slightly
the CCQE data at intermediate-high pT values.
In spite of the reasonable agreement with data of the
SuSAv2-MEC with both real and full propagators, it is very
important to point out that the application of the full
propagator for the analysis of (e, e0) data would lead to
a relevant increase of the cross section in the region of theΔ
peak, thus implying an overestimation of electron scatter-
ing data when combined to pion electroproduction models
which describe well the data in the Δ peak [7,16,43,44].
All results shown in this work correspond to the use of
the commonly employed dipole axial nucleon form factor
with the axial mass fixed to its standard value, MA ¼
1.032 GeV. The sensitivity of the SuSAv2 model to the
description of the nucleon form factors and different
choices of the parameters in the scaling function has been
analyzed in detail in [7,15,16], showing very tiny effects.
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FIG. 3. As Fig. 1, but showing the separate contribution of the pure transverse MEC (dashed curves) to also stress the relevance of the
longitudinal MEC channel.
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Dependence of the SuSAv2 model including 2p2h-MEC
(denoted as SuSAv2-MEC) on the Fermi momentum and
shift energy has been also studied at depth in [45–47],
proving the robustness of the model to describe success-
fully (anti)neutrino cross sections for different nuclear
targets. Furthermore, the SuSAv2-MEC model, which
translates demanding microscopic calculations into a rel-
atively straightforward formalism, can be easily imple-
mented into MonteCarlo event generators as was done
for [28,48,49] used in GENIE [23], NEUT [50], and
NuWro [51]. As with other microscopic calculations
implemented in these event generators, SuSAv2 can be
added as an initially inclusive calculation but extended to
semi-inclusive predictions using an assumed initial nucleon
momentum distribution and a semiclassical FSI cascade.
This model can then be employed in the analysis of present
and forthcoming neutrino experiments. Work along this
line is presently in progress [52].
Summarizing, the SuSAv2-MEC has been shown to
provide a good description of the double differential
ν¯μ-CH inclusive cross sections recently measured by the
MINERvA experiment. The role of meson exchange
currents has been proved essential in order to describe
the data, and the contribution of the MEC longitudinal
components has been shown to be non-negligible and to
improve the agreement with the data. The successful
comparison with these inclusive data, which correspond
to a beam energy of ∼3.5 GeV, reflects the importance of a
fully relativistic treatment. Work is in progress to extend the
model to semi-inclusive reactions and to inelastic channels,
which are needed for the analysis of future high energy
neutrino oscillation experiments aiming to make high
precision measurements of the leptonic CP violating phase.
This work was partially supported by the INFN under
Project MANYBODY, by the University of Turin under
Contract No. BARM-RILO-17, by the Spanish Ministerio
de Economia y Competitividad and ERDF (European
Regional Development Fund) under Contracts
No. FIS2017-88410-P, by the Junta de Andalucia
(Grant No. FQM160). M. B. B. acknowledges support
from the “Emilie du Châtelet” programme of the P2IO
LabEx (Grant No. ANR-10-LABX-0038). G. D. M.
acknowledges support from a Junta de Andalucia fellow-
ship (FQM7632, Proyectos de Excelencia 2011). S. D.
and G. D. M. acknowledge the support of CEA, CNRS/
IN2P3 and P2IO. We thank Richard Gran (MINERvA
Collaboration) for careful reading of the manuscript and
very helpful suggestions and Arturo De Pace for enlight-
ening discussions on 2p2h calculations.


















q: 400 - 1400 MeV/c; steps: 200 MeV/c
















q: 400 - 1400 MeV/c; steps: 200 MeV/c

































1.50 < p|| < 2.00








3.00 < p|| < 3.50











10.00 < p|| < 15.00
FIG. 4. Top panels: Comparison between purely real (solid lines) and full complex (dot-dashed lines) Δ propagators for the 2p2h RT
and RT 0 nuclear responses at different q values. Bottom panels: As Fig. 1, but showing also the cross sections obtained by using the full
complex Δ propagator in the 2p2h channel.
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